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Collective motion in nonequilibrium steady state suspensions of self-propelled Janus motors driven
by chemical reactions can arise due to interactions coming from direct intermolecular forces, hydro-
dynamic flow effects, or chemotactic effects mediated by chemical gradients. The relative importance
of these interactions depends on the reactive characteristics of the motors, the way in which the
system is maintained in a steady state, and properties of the suspension, such as the volume fraction.
From simulations of a microscopic hard collision model for the interaction of fluid particles with the
Janus motor we show that dynamic cluster states exist and determine the interaction mechanisms
that are responsible for their formation. The relative importance of chemotactic and hydrodynamic
effects is identified by considering a microscopic model in which chemotactic effects are turned off
while the full hydrodynamic interactions are retained. The system is maintained in a steady state
by means of a bulk reaction in which product particles are reconverted into fuel particles. The
influence of the bulk reaction rate on the collective dynamics is also studied.
I. INTRODUCTION
A large number of molecular machines have evolved
in the natural world that are able to operate singly and
collectively to perform essential biological functions at
the nanoscale1. On somewhat larger scales bacteria and
other swimming microorganisms behave collectively by
performing work on the fluid in which they are immersed,
and it has been shown that effects arising from hydrody-
namic interactions among such active swimmers are of
crucial importance to understand the origins and char-
acteristics of their collective motion2–9. More generally,
a considerable research effort has been devoted to the
study of the collective dynamics observed in various types
of media that contain actively propelled particles, due,
in part, to the rich nonequilibrium phenomena they ex-
hibit10–20. Among such active particles are synthetic
chemically-propelled nanomotors, which have also been
studied extensively21–24. Synthetic nanomotors are of
particular interest since their morphology and chemical
properties may be tailored for specific tasks25. Ensem-
bles of such chemically-powered motors display collective
behavior that is influenced by the chemical gradients that
exist in these systems, as well as hydrodynamic flow ef-
fects26–37.
In this paper we study the collective properties of
suspensions of spherical Janus motors whose activity
arises from a diffusiophoretic mechanism. In the self-
diffusiophoretic mechanism, asymmetric catalytic activ-
ity on the surface of a nanomotor produces inhomoge-
neous local concentrations of chemical species that give
rise to a body force on the motor that is responsible
for its propulsion23,38,39. As a result of momentum
conservation, a self-propelled motor moving in a fluid
medium is coupled to the motions of solvent molecules
and generates fluid flows which are an essential ele-
ment in the diffusiophoretic mechanism38. Experimental
studies of suspensions of Janus motors have shown dy-
namical clustering, phase separation and giant number
fluctuations16,27,30. Chemotactic effects that arise from
concentration-mediated interactions among motors have
been shown to play a role in the collective dynamics of
such chemically-powered motors27,32–34.
The strength and direction of chemotactic and hydro-
dynamic interactions among motors in a suspension de-
pend on their relative orientations since concentration
and flow fields are induced by catalytic reactions tak-
ing place on specific parts of the motor surfaces; conse-
quently, motor morphology plays a role in determining
the dynamical properties of active suspensions. The ef-
fects of the size of the catalytic patch on the dynamics
of a single Janus motor in bulk40 or near a wall41 and on
the interactions between two motors42 have been studied
using continuum theory.
We investigate the effect of the size of a Janus motor’s
catalytic surface on the induced flows in the surrounding
fluid and on the roles that hydrodynamic and chemical in-
teractions play in the collective behavior of a suspension
of Janus motors. Our study is carried out using particle-
based simulations employing a microscopic model of hard
collisions between motor and fluid particles43. Modifica-
tions of the model are made to isolate the various factors
that contribute to collective behavior of active suspen-
sions. The outline of the paper is as follows: In Sec. II
a brief review of the microscopic model is presented, fol-
lowed by a discussion of the steady-state concentration
and flow fields for a single Janus motor with various cat-
alytic cap sizes. In Sec. III the collective properties of sys-
tems containing many Janus motors are examined, and
the structural features and dynamical behavior of suspen-
sions of different types of motors as a function of volume
fraction and steady state conditions are discussed with
particular attention to the relative importance of chemo-
tactic versus hydrodynamic interactions among motors.
A summary of results is given in Sec. IV.
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2II. JANUS MOTOR AND ITS
NONEQUILIBRIUM DYNAMICS
It is useful to discuss some of the features of a sin-
gle Janus motor and its dynamics before describing the
collective dynamics of many motors. We consider a
hard-sphere model of a chemically-powered self-propelled
Janus motor moving in a fluid medium containing NA
fuel A and NB product B particles
43. Irreversible chemi-
cal reactions, A→ B, take place on the catalytic portion
of the Janus motor surface and are the source of con-
centration gradients that lead to diffusiophoretic motor
propulsion. The system is maintained in a nonequilib-
rium steady state through irreversible chemical reactions,
B
k2→ A, in the bulk of the solution, and the rate at
which these bulk phase reactions occur controls the mag-
nitudes of the steady state concentration fields. The bulk
reaction rate also determines how rapidly these fields de-
cay with distance from the surface of the Janus motor
through their dependence on the inverse screening length
κ =
√
k2/D, where D is the common A and B species
diffusion coefficient. The evolution of the entire system
is governed by a coarse-grain dynamics that combines
molecular dynamics and multiparticle collision dynam-
ics44–47 and is described in Appendix A.
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FIG. 1. The Janus motor has catalytic (C) and a noncat-
alytic (N) surfaces. The size of the catalytic surface is charac-
terized by the angle θC . Chemical reactions, C+A→ C+B,
occur on the C surface. The unit vector uˆ is the orientation
of the Janus motor in the direction from the N surface to the
C surface and θ is the polar angle.
A schematic picture of a Janus motor is shown in
Fig. 1. It is a sphere with catalytic (C) and noncatalytic
(N) surfaces that interacts with the α = A,B species
through hard potentials, Wα(r), where Wα(r) = ∞ if
r ≤ Rα and zero when r > Rα. When a particle of species
α encounters the Janus sphere at radius Rα it undergoes
a modified bounce-back collision that exchanges linear
and angular momenta with the Janus motor43. The ef-
fective radius R of the outer edge of the boundary layer
of the Janus motor is chosen as the larger of the two
interaction radii. The area of the catalytic surface is de-
termined by the angle θC measured from the pole of the
catalytic surface, located by the unit vector uˆ, to the
interface between the C and N surfaces. In general re-
active collisions, C +A→ C +B, occur with probability
pR whenever an A particle encounters the motor catalytic
surface (θ < θC), but we choose unit probability pR = 1
in this study.
Reactions on the catalytic motor surface create an in-
homogeneous concentration field cB(r). Since the A and
B particles have different interaction radii, a body force
acts on the motor and is responsible for its propulsion.
Because the system is force free, the forces on the mo-
tor induce a flow field v(r) in the surrounding fluid,
which is important for the motor self-propulsion mech-
anism48,49. The continuum approximations to the con-
centration and velocity fields can be found by solving the
coupled reaction-diffusion and Stokes equations. The ve-
locity field at the outer edge of the boundary layer near
the motor surface (r = R) is given by v = v(s) + Vuuˆ,
where the slip velocity is50
v(s)(R, θ) = −kBT
η
Λ∇θcB(R, θ), (1)
for our binary mixture of mechanically identical A and B
particles whose specific volumes are equal. In Eq. (1), the
fluid viscosity is η and the component of the Janus motor
velocity in the uˆ direction is given by Vu = −〈uˆ · v(s)〉S ,
where 〈· · · 〉S denotes the surface average at r = R. Here
the constant Λ = 12 (R
2
A − R2B) is determined by the dif-
ferent interactions of the A and B species with the Janus
motor, as reflected in their different interaction radii, RA
and RB . Due to the fact that catalytic reactions occur
only on the C surface, the gradient field, ∇θcB , changes
rapidly across the interface between the C and N sur-
faces along the θ direction. Therefore, one expects that
the largest slip velocity will occur at C−N interface and
|v(s)(R, θC)| > |Vu|.
The profiles of the concentration and velocity fields
vary with the surface area of catalytic cap and the in-
verse screening length κ. We first consider fixed interac-
tion radii RA = 2.5 and RB = 2.45, and κ ' 0.12. Since
RA > RB , Λ > 0, and the Janus motor interacts more
weakly with the B particles than with A particles giving
rise the motor self propulsion in the forward direction
(forward-moving motor) defined as being in the direction
of uˆ (see Fig. 1). The catalytic cap areas we consider are
derived from θC = 30
◦, 90◦ and 150◦. Figure 2 compares
the steady-state product concentration, cB(r), and flow
fields, v(r), in the vicinity of the Janus motor for these
different cap sizes. As expected, the maximum prod-
uct concentration occurs at the catalytic surface and de-
ceases in both radial and tangential directions from this
surface. As noted above, the direction of motor motion
is determined by the interaction potentials between the
Janus motor and the fuel and product particles. For the
forward-moving Janus motors considered here, the near-
field flows generated in the surrounding fluid change sig-
nificantly as the catalytic surface area varies. For the
Janus motor with θC = 30
◦, there are two incoming flows
along the motor axis uˆ and an outgoing flow in the lateral
direction , while the fluid velocity flow fields are in the
opposite direction for the Janus motor with θC = 150
◦.
For θC = 90
◦, solvent particles are pushed away in front
of the Janus motor and an incoming flow is induced at
3the rear of the motor, along with a more complicated
fluid circulation in the lateral directions49.
Making use of the continuum expression for the slip
velocity in Eq. (1), the characteristics in the fluid flow
field observed in the simulations can be related to the
location of the C−N interface on the motor surface. For
the Janus motor with θC = 30
◦, this interface lies near
the head of the sphere, indicated by the uˆ vector and
termed the north pole, inducing a velocity field v ' v(s)
that moves solvent particles from the front of the motor
to the lateral directions; the solvent flow field at the south
pole is v ' Vuuˆ since the gradient field ∇θcB is small.
Similarly, for a motor with a large catalytic surface (θC =
150◦), the C−N interface is close to the south pole of the
sphere producing a flow field that takes solvent particles
from the lateral directions to the noncatalytic N surface;
solvent particles in front of the motor are pushed away
from the motor. For the Janus motor with θC = 90
◦,
the gradient field ∇θcB is small near both the north and
south poles so that the induced flow is largely determined
by the motion of the Janus motor in these two regions.
III. COLLECTIVE DYNAMICS IN
SUSPENSIONS OF JANUS MOTORS
The dynamics of many Janus motors suspended in re-
active fluids is governed by direct interactions between
motors as well as fluid-mediated chemotactic and hy-
drodynamic interactions that lead to collective behavior,
such as the formation of dynamic nonequilibrium cluster
states. Chemotactic interactions have their origin in the
inhomogeneous concentration fields that arise from mo-
tor asymmetric catalytic activity. This inhomogeneity
is sensitive to the local environment each motor experi-
ences, and the gradients in concentration created at the
surface of one motor influence both the reaction dynam-
ics and the local body forces that drive active motion
in surrounding motors. At the same time the motion
of each motor induces flow fields in the surrounding fluid
that couple the dynamics of motors via hydrodynamic in-
teractions. Depending on microscopic characteristics of
the interactions, chemotactic and hydrodynamic interac-
tions can work either cooperatively or against one an-
other to enhance or suppress dynamical clustering. Both
the chemotactic and hydrodynamic interactions depend
strongly on the size of the catalytic cap on the spherical
Janus motors.
In the simulations described below, we consider a sys-
tem of NJ Janus motors and NS fluid molecules of species
A and B in a periodic cubical box of side length L. The
motors interact directly with one another through a re-
pulsive Lennard-Jones potential with length scale σJ so
that the effective excluded volume is V ′J = piσ
3
J/6 and
the motor volume fraction is φ = NJV
′
J/L
3. The sys-
tem is maintained out of equilibrium by a supply of fuel
through reactions B
k2→ A in the bulk of the solution.
When the interaction radii RA and RB are chosen so
that RA > RB , each motor moves preferentially toward
regions of high production concentration, and on average
motors move forward in the direction of the catalytic cap.
On the other hand, when RA < RB , motors move back-
ward, away from regions of high product concentration.
In previous studies37,43 it was found that cooperative mo-
tion in collections of both backward-moving sphere-dimer
and Janus motors was significantly reduced compared to
that in systems of forward-moving motors. For this rea-
son, below we focus on the more interesting clustering
properties found in suspensions of forward-moving mo-
tors. Unless stated otherwise, for most of the results in
this section the interaction radii of the A and B particles
are set to RA = 2.5 and RB = 2.35, while the bulk reac-
tion rate constant is chosen to be k2 = 10
−3. We consider
systems with NJ = 100, 200 and 500 Janus motors, cor-
responding to the volume fractions φ = 0.052, 0.1 and
0.26. Further simulation details are given in Appendix A
The mean values of the steady state concentrations of
the A and B species depend on the catalytic cap size,
motor volume fraction and the rate at which fuel is sup-
plied. In Table I the values of the steady state product
concentration, cssB (c
ss
A = c0 − cssB ), where c0 is the total
concentration of A and B), are given for systems with
various cap sizes and volume fractions. The steady state
composition will play some role in determining the col-
lective behavior.
TABLE I. The steady-state concentrations of product par-
ticles, cssB , mean motor velocity, Vu, (taken from the data
shown in Fig. 3(a)), and effective diffusion coefficient, De(φ),
(from linear fits to long-time mean-square displacement in
Fig. 3)(b)), as a function of volume fraction and catalytic cap
size.
θC 30
◦ 90◦ 150◦
φ 0.052 0.1 0.26 0.052 0.1 0.26 0.052 0.1 0.26
cssB /c0 0.2 0.29 0.45 0.51 0.67 0.85 0.34 0.58 0.94
Vu 0.014 0.008 0.002 0.021 0.014 0.006 0.0009 0.0008 0.0005
De 0.045 0.020 0.004 0.10 0.050 0.012 0.002 0.002 0.002
Figure 3(a) shows the ensemble and time average in
the steady state of the projection of the motor propulsion
velocity along uˆ,
Vu(φ) = N
−1
J
NJ∑
i=1
T−1
∫ T
0
dt Vi(t) · uˆi(t) ≡ 〈V · uˆ〉, (2)
as a function of φ for motors with different catalytic cap
sizes. Here Vi(t) and uˆi(t) denote the instantaneous ve-
locity and orientation of motor i. It is evident that Vu(φ)
decreases as φ increases for all cap sizes as might be an-
ticipated for crowded systems. On long time scales, as a
result of rotational Brownian motion characterized by the
orientational relaxation time, τr(φ), each of the motors
undergoes diffusive translational motion with an effective
translational diffusion constant De(φ). This effective dif-
fusion constant is larger than D0(φ) for Janus particles
without diffusiophoretic activity. It was shown earlier51
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FIG. 2. Panels (a), (c) and (e) are the simulation results for the steady-state product concentration fields (cB), and panels
(b), (d) and (f) are the induced flow field (v) normalized by the propulsion speed (Vu) for three different sizes of the catalytic
surface: θC = 30
◦ (left), 90◦ (middle) and 150◦ (right). The interaction radii are RA = 2.5 and RB = 2.45 and bulk reaction
rate constant is k2 = 10
−3.
that D0(φ) and τr(φ) do not vary significantly with φ for
0 < φ ≤ 0.26. For a single motor in solution we have
D0 ≈ 0.003 and τr ≈ 600. For catalytic cap sizes given
by θC = 30
◦ and 90◦, the general structure of the mean
squared displacement ∆r2(t) is the same, which consists
of a crossover of ∆r2(t) from short-time ballistic motion
due to self-propulsion to long-time diffusive behavior, as
can be seen in Figs. 3 (b) for all φ. However, for motors
with large catalytic caps (θC = 150
◦) Vu(φ) is small and
the crossover regime cannot be discerned in the figure
and De ' D0.
A. Clustering in suspensions of motors
For certain parameter values the cooperative dynam-
ics in suspensions of active motors leads to the forma-
tion of dynamic clusters. We now examine some of the
properties of these states and factors that lead to their
formation. Figure 4 shows representative instantaneous
steady-state configurations of the Janus motors (the sol-
vent species are not shown) in systems with φ = 0.052,
0.1 and 0.26. As φ increases, separation into low-density
and high-density regions is observed for motors with a
small cap size (θC = 30
◦). In contrast, phase separa-
tion in systems of Janus motors with a large cap size
(θC = 150
◦) is observed only at low volume fractions. A
weak tendency to cluster is observed for the intermedi-
ate cap size (θC = 90
◦) as φ varies. To quantitatively
describe motor clustering, we compute the motor radial
distribution function in the steady state, g(r), for vari-
ous volume fractions. As indicated by the black arrows
in the plots of g(r) in Fig. 5, it is evident that as φ in-
creases, clustering is strongly enhanced for the system
with small-cap-size motors, a weak enhancement is seen
for motors of intermediate cap size, whereas clustering is
suppressed for motors with large catalytic caps.
B. Clustering mechanisms for Janus motors with
large caps
Chemotactic interactions are controlled by gradients in
the concentrations of reactive species. At large volume
fractions of motors with large cap sizes one might antici-
pate that chemical gradients will be smoothed because of
the high concentration of product molecules in the sys-
tem, thereby reducing chemotactic interactions among
the Janus motors. Indeed, as can be seen in the den-
sity maps of cB(r, θ) in the steady state shown in Fig. 6
(a-c). While significant gradients in the B concentration
can be seen in the radial direction at low volume frac-
tions, a homogeneous distribution of B particles is found
for suspensions of large-cap motors at φ = 0.26. These
differences have only small effects on the self-propulsion
speed of the motor. The propulsion speed is proportional
to the tangential component of the concentration of the
product at the surface of the motor. As can be seen in
Figure 6 (d), the tangential component of the gradient at
the motor surface at r = R is effectively independent of
the volume fraction for motors with large catalytic caps
even though the average B concentration increases sub-
stantially in the axial direction (θ = 0) with volume frac-
tion (see Fig. 6(e)). For dilute suspensions, a B-particle
gradient field exists that is responsible for a chemotactic
effect in which two motors are drawn close to one another
due to the production of high local densities of the less
repulsive B particles. As the motor volume fraction in-
creases, the density of B in the radial direction increases
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FIG. 3. (a) The average motor propulsion velocity, Vu(φ), for the Janus motors with catalytic surface sizes θC = 30
◦ (black
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FIG. 4. Instantaneous steady-state configurations of Janus
motors with small (θC = 30
◦), medium (θC = 90◦) and large
(θC = 150
◦) catalytic cap sizes at various volume fractions
φ = 0.052, 0.1 and 0.26.
and becomes more uniform. As a result, only small inho-
mogeneities can be created locally around the catalytic
surfaces of the motors and only weak chemotactic attrac-
tive interactions can be induced. Consequently, cluster
formation is discouraged as the volume fraction of the
large-cap motors in the suspension increases, as observed
in Fig. 5.
C. Hydrodynamic effects in the collective dynamics
Hydrodynamic interactions among active swimmers
have been investigated extensively2–9. “Puller” swim-
mers, characterized by an incoming fluid flow along the
poles of the swimmer and outgoing flows in lateral di-
rections, bring swimmers together along the direction of
their swimming axis and are repulsive in the perpendicu-
lar directions, while the reverse behavior is observed for
“pusher” swimmers. (A discussion of the near- and far-
field fluid velocity fields for the hard Janus model with
θC = 90
◦ was given earlier49). As discussed in Sec. II,
the characteristics of the near-field fluid flow patterns
for chemically-powered Janus motors depend strongly on
the size of the catalytic cap. In going from small to large
cap sizes, the Janus motor may be classified in terms
of the near-field flows as a puller swimmer for small caps
(θC = 30
◦), a neutral swimmer for intermediate-size caps
(θC = 90
◦), and a pusher swimmer for large-size caps
(θC = 150
◦). The collective dynamics of suspensions of
Janus motors may be affected by hydrodynamic interac-
tions arising from these fluid flows, particularly for high
volume fractions where the mean distance between mo-
tors is small.
The motor velocity fields in the suspension provide in-
formation on the effects of hydrodynamic flows on the
collective motion. The vector field VM for the axially-
symmetric system is shown in Fig. 7 where the local val-
ues of the average velocity vector are represented as ar-
rows for a suspension of volume fraction φ = 0.1 (see Ap-
pendixB for details). Of particular interest are the motor
flows in the region in front (i.e, at the catalytic head) of
the motor where the A→ B reactions take place and give
rise to the strongest concentration-mediated chemotac-
tic interaction. In Fig. 7 the red-dashed and green-solid
squares highlight regions around the nearest (r ' 6) and
next-nearest neighbors (r ' 12), respectively. These dis-
tances correspond to the locations of the peaks in the
plots of the radial distribution function g(r) shown in
Fig. 5. Within the red-dashed regions, one sees that the
average motor flow velocity points inward toward the sur-
face of the motor for small cap sizes, while for large cap
sizes the motor flow velocities are outgoing from the mo-
tor surface.
Apart from direct intermolecular forces, the net in-
teraction between motors is determined by chemotactic
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and hydrodynamic contributions. As illustrated in Fig. 8,
while the former interaction is attractive for all cap sizes,
the hydrodynamic interaction is attractive in the region
directly ahead of the motor for θC = 30
◦ and repulsive for
θC = 90
◦ and 150◦. For θC = 30◦, the fact that both in-
teractions are attractive gives rise to the incoming motor
flows seen in Fig. 7. By contrast, for θC = 90
◦, the repul-
sive hydrodynamic interaction dominates over chemotac-
tic attraction resulting in outgoing motor flows discussed
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FIG. 7. Motor velocity fields, VM (r, θ), normalized by the av-
erage motor propulsion velocity, Vu(φ), for various catalytic
cap sizes at volume fraction φ = 0.1. The regions of nearest
and next-nearest neighbors from the motor surface are indi-
cated by red-dashed and green squares, respectively.
earlier. These results suggest that hydrodynamic interac-
tions may either enhance or reduce attractive interactions
for the Janus motors with θC = 30
◦ and 90◦, respectively.
The interplay of chemotactic and hydrodynamic interac-
tions explains the enhanced clustering observed in the
Janus motors with small cap sizes. Since the dynamics of
Janus motors is largely diffusive for suspensions of Janus
motors with large cap sizes, the clustering mechanism is
primarily influenced by the chemotactic interactions dis-
cussed in the previous section and hydrodynamic interac-
tions play only a minor role. Nevertheless, hydrodynamic
effects can been seen by comparing the solvent and mo-
tor velocity fields depicted in Figs. 2 and 7, where it is
evident that these two fields have the same characteristic
flow patterns.
To examine the degree of orientational ordering that
accompanies the correlations in the motor velocity field
for θC = 30
◦ discussed above, we computed the average of
the relative orientation of a motor, uˆM (see Appendix B
for details). This field is plotted in Fig. 9. At the nearest
7i
j
(a) (b) (c)
Hydrodynamic interaction
Chemotactic interaction
FIG. 8. Aligned configurations of Janus motors with (a)
θC = 30
◦, (b) θC = 90◦ and (c) θC = 150◦, where the light
blue and white arrows are the direction of motion of motor j
induced by the motion of motor i through the hydrodynamic
and chemotactic interactions, respectively.
neighbor distance in the front of the motor (highlighted
by a red-dashed square), the average orientation is in the
same direction as that of the motor at the origin. Similar
orientational ordering can be seen for θC = 90
◦; however,
for θC = 150
◦ neighboring motors are less ordered due
to the dominance of diffusive motion and lack of active
motion for this cap size. These results suggest that the
clustering mechanism for self-diffusiophoretic Janus mo-
tors is not due primarily to motility-induced phase sep-
aration14, where motors are dynamically jammed due to
head-on collisions, but instead arises from attractive hy-
drodynamic and chemotactic interactions.Motor orientatio  field
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FIG. 9. Motor orientation fields, uˆM (r, θ), for various cap
sizes at volume fraction φ = 0.1. The nearest-neighbor regions
are indicated by red-dashed squares.
D. Elimination of chemotactic interactions
Since all Janus motors in a suspension at a given vol-
ume fraction are identical, product molecules produced
on one motor may interact with other motors giving
rise to the chemotactic interactions discussed above. Of
course, the catalytic reactions are also essential for the
self-generated chemical gradients that are responsible for
single motor propulsion. In order to gauge the relative
importance of chemotactic and hydrodynamic effects we
must be able to selectively turn off these interactions
while not disturbing the self-propulsion diffusiophoretic
mechanism for single motors which involves both local
concentration gradients and coupling to fluid flow.
FIG. 10. Starting from a cluster of Janus motors small cap
sizes, in the absence of chemotactic interactions the cluster
gradually breaks apart. (Movie online)
This can be achieved in the following way: we con-
sider a collection of Janus motors in which each mo-
tor i produces a distinct product Bi that interacts with
motor i as a product particle but as a non-reactive A
particle with all other motors j. In this way only the
self-generated concentration gradient of Bi is responsi-
ble for the propulsion of that motor. In this model the
concentration-mediated chemotactic attraction is turned
off while hydrodynamic interactions between Janus mo-
tors resulting from self-propulsion remain. (This method
of turning off chemotactic interactions was used in an ear-
lier investigation of the collective dynamics of oligomeric
motors on a filament36. Starting from an initial cluster
configuration, a time sequence of motor configurations in
which the system evolves in the absence of chemotactic
interactions is shown in Fig. 10. The cluster of Janus
motors gradually breaks apart and the system reaches
a steady state in which the motors are homogeneously
distributed beyond the first solvation shell.
From an examination of the steady state radial dis-
tribution functions in Fig. 11 (a), the disappearance of
clustering in the absence of concentration-mediated in-
teractions is evident by the lack of structure in g(r).
Nonetheless Janus motors still interact through hydro-
dynamic interactions in the absence of chemotactic at-
tractions. Comparing Figs. 7 and 11 (b) for θC = 30
◦,
it is clear that turning off chemotactic interactions has
a significant impact on the motor velocity fields at short
distances but a weaker influence at long distances. These
results suggest that long-ranged interactions are medi-
ated by hydrodynamic interactions, which bring Janus
motors toward each other, while the short-ranged inter-
actions are primarily due to chemotactic effects.
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FIG. 11. (a) The radial distribution functions for the Janus
motors with θC = 30
◦ in the presence and absence of chemo-
tactic interactions. (b) The motor velocity field in the ab-
sence of chemotactic interactions. The red-dashed and green
squares indicate nearest and next-nearest neighbor regions.
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FIG. 12. Radial distribution functions, g(r), of Janus mo-
tors with small (left panel), medium (middle panel) and large
(right panel) catalytic surface in systems at volume frac-
tion φ = 0.052 with various bulk reaction rate constants,
k2 = 10
−2 (black circles), 10−3 (red squares) and 10−4 (blue
triangles).
E. Screening due to bulk reactions
The bulk reaction B
k2→ A is not only responsible for
the supply of fuel that maintains the system in a nonequi-
librium state but it also has an effect on the collective
dynamics. Consider a single motor in solution. In the
absence of a bulk reaction with fuel supplied only at large
distances from the motor the cB(r, θ) steady-state con-
centration field produced at the surface of the motor by
the catalytic reaction A → B will decay in the radial
direction as cB(r, θ) ∼ 1/r23. When there is a bulk re-
action this field decays as cB(r, θ) ∼ e−κr/r43. Conse-
quently, the concentration fields are “screened” by the
bulk reaction, and the screening length κ−1 will deter-
mine the range of chemotactic interactions among mo-
tors. A slow back reaction with a small value of k2 will
lead to longer-ranged chemotactic interactions that may
influence motor clustering.
To study this effect, we consider a suspension of mo-
tors with various cap sizes and volume fraction φ = 0.052
in bulk reacting media with different rate constants k2.
In Fig. 12, the radial distribution function of the Janus
motors is shown for k2 = 10
−2 (black circles), 10−3
(red squares) and 10−4 (blue triangles), corresponding
screening lengths κ−1 ≈ 2.6, 8.4 and 26.45, respec-
tively. For the fastest bulk reaction where k2 = 0.01, the
concentration-mediated interaction is strongly screened
resulting in virtually no clustering for all cap sizes. As the
bulk reaction rate decreases, clustering is found for Janus
motors with small and intermediate cap sizes (θC ≤ 90◦)
as can be seen by the increase in g(r) beyond the first
peak. Note also that due to the different characteris-
tics of hydrodynamic interactions for different cap sizes
discussed earlier, Janus motors with a small cap size
(θC = 30
◦) aggregate more strongly than those with
θC = 90
◦. Interestingly, for the large cap size, θC = 150◦,
there is an intermediate range of k2 values where stronger
motor clustering is observed. This is due to the fact
that the chemotactic interaction between motors is more
strongly screened when k2 is large and motors move in-
dependently without clustering, while for small k2 where
the screening length is large, gradients of chemical species
are smoothed since a large fraction of solvent particles
consists of uniformly distributed product. This reduction
in clustering due to high local uniform concentrations of
product is similar to the reduction of clustering observed
for motors with large-size caps for high volume fractions
discussed in Sec. III B.
IV. SUMMARY
Since the propulsion of a Janus motor depends on
the asymmetric chemical reactions on its catalytic cap,
changes the cap area have a significant influence on the
concentration and flow fields near the motor surface and
in the surrounding fluid. These changes are reflected in
the chemotactic and hydrodynamic interactions that de-
termine the collective behavior of suspensions of active
Janus motors. Using particle-based simulations of Janus
motor suspensions it was shown that chemotactic inter-
actions are the dominant factor in motor cluster forma-
tion. Depending on the catalytic cap size, hydrodynamic
interactions can either enhance or decrease the tendency
to cluster by chemotactic interactions. Since chemotactic
interactions can be turned off in our simulations, the rela-
tive importance of chemotactic and hydrodynamic effects
can be determined without modifying the diffusiophoretic
propulsion mechanism that underlies the phenomena. In
the simulations the system was driven out of equilibrium
by bulk phase reactions that remove product and add
fuel particles. As a result the concentration fields decay
more rapidly with distance than if fuel were supplied at
the boundaries. Consequently, the chemotactic interac-
tion between motors is screened, and decreasing the bulk
reaction rate constant and thereby increasing the screen-
ing length enhances clustering in suspensions provided
the catalytic cap size is not too large. Thus, the way in
which the system is maintained in a nonequilibrium state
is an important factor to consider when studying collec-
tive dynamics, especially for three-dimensional systems
when fuel is supplied at the boundaries.
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Appendix A: Simulation algorithm and parameters
We use a simulation scheme developed previously,
which combines molecular dynamics with multiparticle
particle collision dynamics45. Each Janus motor is mod-
eled as a hard sphere and solvent A and B particles
undergo reactive and nonreactive collision with it43 as
discussed in Sec. II. The direct interaction between two
Janus motors is modeled by a repulsive Lennard-Jones
potential. The dynamics of solvent particles is carried
out by reactive multiparticle collision dynamics52, where
non-interacting fluid particles evolve in the presence of
the interacting motors and experience effective collisions
at discrete time intervals τ . In the collision steps, sol-
vent particles are sorted into a grid of cube cells of linear
size σ, where effective multiparticle collisions and reac-
tions B → A with reaction rate constant k2 take place
independently in each cell.
The system consists of a collection of NJ Janus mo-
tors and NS = NA + NB point A and B particles,
each of mass m, confined to a periodic cubic box with
linear size L and volume V = L3 . The Janus mo-
tor is modeled as a sphere of radius R with volume
VJ =
4
3piR
3, mass M = c0VJm and moment of inertia
I = 25MR
2, where the total number density of fluid par-
ticles is c0 = NS/(V −NJVJ). Solvent particles interact
with the Janus motor through hard potentials while a re-
pulsive Lennard-Jones potential is used for interactions
between two Janus motors. The Lennard-Jones poten-
tial is V (r) = 4[(σJ/r)
12 − (σJ/r)6 + 0.25], which van-
ishes at the cutoff distance rc = 2
1/6 σJ . The system
is maintained in a nonequilibrium steady state by us-
ing reactive multiparticle collision dynamics52, where the
reaction B
k2→ A takes place in the bulk solution. Grid-
shifting is employed to ensure Galilean invariance53. The
time evolution of the entire system is carried out using a
hybrid MD-MPCD scheme45.
The results are reported in dimensionless units where
mass is in units of m, length in units of σ, energies in
units of kBT and time in units of t0 =
√
mσ2/kBT . In
these units, we have L = 60, R = 2.5, M = 655, and I =
1636. The multiparticle collision time was set to τ = 0.1.
Between two consecutive multiparticle collisions, solvent
particles propagate freely with r(t + δt) = r(t) + v(t)δt,
where δt = 0.01 is the molecular dynamics time step size.
For the simulation conditions above the fluid viscosity
is η = 7.93 and the common self-diffusion coefficient of
the A and B species is D = 0.07. The Lennard-Jones
parameters are  = 1 and σJ = 6. For a solvent density
c0 = 10, motor velocity Vu ≤ 0.02 and motor radius
of R = 2.5, the kinematic viscosity of the fluid is ν =
η/c0 = 0.793, the Pe´clet number is Pe = VuR/D < 0.7,
the Reynolds number is Re= VuR/ν < 0.06, and the
Schmidt number is Sc = ν/D ' 11.
Appendix B: Vector fields of Janus motors
The average vector field of a physical quantity, WM ,
in the vicinity of a motor is determined by measuring
the average field in a coordinate frame defined by two in-
plane vectors nˆ1 and nˆ2. We consider the motor velocity
and orientational fields, WM = VM or uˆM , respectively.
The vector field can be written in terms of the in-plane
coordinates WM = WM (rS), where rS denotes the in-
plane vector. If the orientation vector uˆi of motor i is
chosen to be nˆ1, the vector nˆ2 is given by
nˆ2 =
rij − rij · nˆ1
|rij − rij · nˆ1| . (B1)
By using the position of the motor i as the origin, the
vector pointing from the origin to the motor j is rij =
rj − ri. The coordinates of the motor j projected on the
plane can be computed by
rS = (rij · nˆ1)nˆ1 + (rij · nˆ2)nˆ2, (B2)
and the vector of a physical quantity w of motor j at the
position rS can be expresses as
wS(rS) = (wj · nˆ1)nˆ1 + (wj · nˆ2)nˆ2. (B3)
Thus, by sorting the neighboring motors into a square
lattice with linear size of 0.5 according to the in-plane
coordinates rS the average vector field, WM , in each
lattice cell is given by the average over the ensemble of
motors and over time.
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